The effect of the concentration of polyvinylbutyral solution on the process throughput and fibre properties was studied in needle and roller electrospinning. Whereas the polymer throughput is an optional independent parameter in needle electrospinning, it is a dependent parameter that is affected by both the material and process parameters in roller electrospinning. Polymer throughput increases considerably with an increasing concentration of polymer solutions in roller electrospinning. The properties of the nanofibers and the quality of the nanofiber layers were also studied. Fibre diameters increase with an increasing concentration in both techniques. Fibre diameters produced by needle electrospinning are smaller than those produced by roller electrospinning. The distribution of fibre diameters is rather narrow and not significantly dependent on the concentration of solutions in either technique.
Introduction
In recent years, polymer nanofibres have gained considerable attention as promising materials with many possible areas of application, due to their unique properties such as a high specific surface area, small pore diameters, high surface to weight ratio, good barrier characteristics against microorganisms and fine particles, high surface energy, good strength per unit weight, and covering effects [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . There are several methods to produce fibres at a nanoscale [12] [13] [14] [15] [16] . Electrospinning is one of these methods. In the electrospinning method, a polymer solution is forced through a hollow needle, and a high voltage is applied to the polymer solution coming out at the needle tip ( Figure 1 ).
Another method for producing nanofibres was developed by Jirsak et al. [17] . This method is called roller electrospinning, and known under the name Nanospider ( Figure 2 ). Roller electrospinning is a viable route for the production of exceptionally continuous and uniform polymer nanofibres.
Viscosity, concentration, surface tension, molecular weight, conductivity, and the dielectric properties of the polymer solution are classified as material parameters for both electrospinning methods.
Process parameters include voltage, feed rate of the polymer solution, distance between collector and needle tip, temperature of solution, and the temperature and humidity inside the spinner. Each parameter plays a role in the outcome of the electrospinning process [18] [19] [20] [21] [22] [23] .
Polymer concentration plays a major role in the electrospinning process. Under the same electrospinning conditions, an increasing polymer concentration usually increases the diameter of the electrospun fibres. However, Deitzel et al. found that there is often a nonlinear relationship between the solution concentration and fibre diameter [20] . The reason for this nonlinear relationship can be attributed to the nonlinear relationship between the polymer concentration and solution viscosity [21] .
Polyvinylbutyral (PVB) polymers have been extensively used for many applications, since PVB is a low-cost alternative that offers strong binding ability, flexibility, optical clarity, and adhesion to many surfaces. In spite of the high popularity of PVB polymers, there is scarce information about PVB nanofibres. In this work, the effects of concentration of the polyvinylbutyral solution on the process throughput and fibre properties were studied. 
Experiment

Materials and
Methods. PVB60H Mowital with 60,000 g/ mol was obtained from Kuraray, Japan. Isopropanol of p.a. quality was used as the solvent.
The experimental set-up for needle electrospinning consists of a 50 mL syringe and a stainless steel needle that is positioned horizontally as shown in Figure 1 .
The roller electrospinning device contains a roller spinning electrode partially immersed in the tank with the polymer solution. A grounded collector electrode is placed at the top of the spinner ( Figure 2) . A nonwoven backing material moves along the collector electrode which makes the production of the nanofibre layer a continuous process. Many Taylor cones are simultaneously formed on the surface of the rotating spinning electrode, which makes the technology highly productive. Spinning conditions are shown in Table 1 .
Solutions of PVB in isopropanol with concentrations of 6, 7, 8, 9, and 10 wt.% were prepared.
In needle electrospinning, voltages of 20, 25, and 30 kV were applied to the solution, and the nanofibres were collected on the aluminium foil collector placed at a distance of 200 mm from the tip of the needle. The flow rate of the polymer solution was 0.5 mL/h, the temperature was 22
• C, and relative humidity was 69%.
Conductivity (conductivity meter), surface tension (Krüss), and viscosity (Haake RotoVisco1 at 23
• C) of the polymer solutions were measured. Images of the fibres were taken by SEM (Phenom FEI), and the diameters of the fibres were calculated using the Lucia 32 G programme. The polymer throughput of the roller electrospinning process was calculated from the area weight and width of the nanofibre layer and from the velocity of the backing material, using
where P is polymer throughput (g/min/m), G represents nanofibre layer area weight (g/m 2 ), W denotes width of nanofibre layer (m), V fabric is backing fabric take-up speed (m/min), and Lr denotes length of roller spinning electrode (m).
Results and Discussion
Needle Electrospinning.
The basic properties of the PVB solutions are shown in Figure 3 and Table 2 . Viscosity of the solutions increases with increasing concentration. SEM microphotographs of the nanofibres produced by needle spinning are shown in Figure 4 , while those of the nanofibres produced by roller electrospinning are shown in Figure 6 .
The dependencies of the fibre diameters produced by both techniques on the viscosity of solutions are shown in Figures 5 and 7 . In Figure 7 the dependence of the polymer throughput on the concentration of the solution is also shown. Distribution of fibre diameters was characterised using the fibre uniformity coefficient C FU . This was defined similarly to the characterisation of the molecular weight distribution in macromolecular chemistry:
where
where d i is fibre diameter, and n i denotes the number of fibres with diameter d i .
Monodisperse systems show C FU is equal to one. The bigger the C FU , the broader the distribution of d.
Dependence of the fibre uniformity coefficient C FU on the concentration of the PVB solutions is shown in Figure 8 .
The polymer solutions show almost identical values of surface tension and electrical conductivity ( Table 2) . Therefore, the studied properties of the nanofibres and throughput of roller electrospinning only depend on the concentration of the solutions and on the corresponding viscosities, respectively (Figure 3) .
Quality and diameters of nanofibres generally depend on the concentration of solutions. In needle electrospinning, a low concentration leads to nanofibres with beads ( Figure 4(a) ). This effect was described in many papers and is related to the low relation of viscosity to surface tension. High viscosity, on the other hand, (Figure 4 (e)) leads to greater fibre diameters due to the limited deformability of the polymer jet and/or the shorter time needed for the solidification of the more concentrated solution. Concentrations of 7-9 wt.% seem to be optimum in needle electrospinning. In roller electrospinning, SEM microphotographs ( Figure 6 ) reveal a different character of the fibres. At low concentrations of the solution the photograph shows nonfibrous formations (Figures 6(a) and 6(b) ) instead of beads as in Figure 4 (a). At high concentrations (Figure 6(e) ), the fibres seem to have great diameters. Nevertheless, a closer look reveals that the fibre elements consist of several fibres; in other words the elements are bundles of single fibres. The formation of such bundles is connected with the high throughput of the process when the concentration of the solution is high (Figure 7) . In this case, there are too many nanofibres in the space between the spinning and collector electrodes which leads to the entanglement and sticking of single fibres. To produce high-quality nanofibres, the concentration of the solution must be kept at the values of 8-9 wt.% in the case of roller electrospinning.
Generally, nanofibres produced by roller electrospinning have greater diameters when compared with those produced using a needle ( Figure 5) . Optimisation of the roller production parameters is more demanding, and the production process is more sensitive to the surrounding conditions. On the other hand, the polymer throughput of roller electrospinning is much greater.
Diameters of fibres produced from the solutions of PVB in isopropanol are rather larger. In the case of roller electrospinning, these correspond to microfibers rather than to nanofibres. Diameters of PVB nanofibres produced from other solvents are considerably smaller. Isopropanol was used in this work because the differences in fibre diameters were more distinctive. The increase in polymer throughput with concentration of polymer solution is known from previous work [22] . This is connected with a higher degree of entanglement of macromolecules and the resulting higher breaking strength of jets. This leads to a longer life of the jets and subsequently to a greater number of Taylor cones on the surface of the spinning electrode. Fibre diameters show a rather narrow distribution in both spinning techniques (Figure 8 ), which does not depend on any process parameters.
Conclusions
The experiments described in this paper were focused on the effect of concentration of polymer solutions on both needle and roller electrospinning techniques. An increase in polymer concentration leads to a higher throughput in roller electrospinning and to greater fibre diameters in both techniques. Needle electrospinning results in nanofibres of smaller diameters. On the other hand, roller electrospinning shows a considerably greater throughput. The distribution of fibre diameters was rather narrow in all the experiments. Concentrations of 8-9 wt.% seem to be optimal at the used polymer dissolved in isopropanol. Nevertheless, isopropanol is not a suitable solvent as the resulting fibre diameters are rather large.
